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Introduction

Since 1979, Exxon Research and Engineering Company has operated a one ton-per-day
Process Development Unit (PDU) at Baytown, Texas in support of the development of
the Catalytic Coal Gasification PrTcess (CCG). Details of this process develop-
ment effort are available elsewhere'2-C, This paper summarizes responses of coal,
particularly swelling and coke density, to gasification conditions; some char-
acteristics of the five coals which have been processed in the PDU are given in
Table 1. The PDU utilizes a high pressure fluidized bed gasifier that operates at
3.4 MPa (500 psia) and 978°K (1300°F). Coal is typically catalyzed by wet mixing
with potassium salts (KOH, KpCO3) prior to introduction into the gasifier. The
alkali catalyst promotes gasification, shift, and methanation in a single thermo-
neutral reactor. Another important catalyst benefit is that it reduces the
thermoplasticity of bituminous coals at the same time; however, enough thermo-
plasticity persists that its impact must be considered when operating a fluid bed
gasifier (Figure 1). The thermoplasticity manifests itself as agglomeration which
occurs during the transient plastic state and as swollen, structurally weak
particles.

Because CCG conditions, viz., high heat-up rate and high pressure, are quite
different from the conditions at which conventional tests for thermoplasticity are
carried out, it seemed important to develop a technique which best reproduced the
CCG conditions. This view is well supported in the literature._ In the pyrolysis
of coal, both an increase of heating rate22-d and pressure 2b:C>€,f "have been
associated with decreased viscosity or increased fluidity during the plastic
transition of coal. The reduced viscosity associated with increased heating rate
is normally attributed to the rapidly increasing temperature which occurs during
pyrolysis. This rapid temperature increase results in an enrichment of the liquid
products in the plastic mass at a higher temperature. The effect of increased
pressure is to repress evolution of the low viscosity, volatile components from
the plastic coal.

Typically, swelling is increased by factors that decrease viscosity during the
plastic transition. There is general agreement in the literature that an in-
creased heating rate increases the potential for greater swelling2d:b, However,
the influence of pressure on swelling is not as clear. Increased pressure reduces
viscosity but also, because of compression, reduces the total volume of gases that
are released and ava11ab1e to swell the glastic coal. Increasing the pressure has
been reported to increaseZdsT, decrease?d, or have little effect2¢:h on swelling.
The differences are likely due to the d1fferent procedures and physical arrange-
ment of the techniques used to measure swelling. Therefore, it was important for
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us to choose a technique for measuring swelling that was applicable to our high
pressure fluid bed in that it would be capable of differentiating good performance
potential in a feed coal from marginal or unacceptable potential. In addition,
the technique had to be simple and relatively fast for use as a quality control
test.

This paper outlines the technique developed and illustrates the use of the
test in the study of the impact of process variables of interest (catalyst,
catalyst distribution, coal pretreatment, pressure, gas atmosphere) on coal
thermoplasticity.

Free Fall Swelling Test

A simple, easy to use laboratory test unit was devised to study coal
thermoplasticity within the context of CCG conditions. The test, known as the
Free Fall Swelling Test, simulates major CCG process variables such as high
pressure and high heat-up rate. A schematic of the Free Fall Unit is shown in

Figure 2.

Pressure is controlled by a back pressure regulator 8 (typically between 0.1 and
3.5 MPa). Coal aliquots (150um x 600um, 0.25 g +0.0Ig) are fed through a set of
two valves to the hot drop tube via the feedline 3. The coal particles fall
freely through the heated zone (typically operated in the temperature range of
978-1033°K) where they are rapidly heated, pyrolyzed, and form coke or char. A
particle heat-up model was applied to estimate heat-up rates and free fall
residence times. Time average heat-up rates range from 2,800 to 11,000°K/sec for
the range of particle sizes used. The solid residue is removed from the drop tube
by withdrawing the quartz liner. The use of a quartz liner allows easy and
complete removal of the residue and gives visible evidence that tar evolution has
ceased before the residue reaches the bottom of the 1iner.

On cooling, a measure is made of residue loose bulk density (equation 1) and
swelling (equation 2). Generally speaking, residue densities are less than
coal densities because of the combined effect of mass loss and swelling due to
the transient thermoplastic state, and the densities usually vary between 0.05
and 0.55 g/cc. The Free Fall Swelling Index (FFSI, equation 2) is a measure
of swelling, and it usually varies between 1.0 (no swelling) and 12.0 (a
twelve-fold increase in loose bulk volume relative to the starting coal).

Residue Mass (g) (1)

Loose Bulk Volume (cc)

Residue Loose Bulk Density =

Residue Loose Bulk Volume (cc} (2)

Free Fall Swelling Index = FFSI =
Coal Loose Bulk Volume (cc)

The need to develop an alternative to conventional tests for thermoplastic
tendency is made more clear by the data in Table 2, a comparison of ASTM Free
Swelling Index (FSI) and the FFSI of selected coals determined under CCG
conditions. The ASTM FSI's are all low, that is, there is no swelling and
little or no agglomeration, but the FFSI's range from 1.0 to 5.6. There are
also clear morphological differences in the residues from both tests. The FSI
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residues are granular solids which retain the sharp edges and dull surfaces
found in the original coal. But the free fall residues "B" and "C" are com-
posed of bloated, reflective spheres which appear to have gone through a fluid
stage (as in Figure 1). The thermoplasticity implied by the morphological
differences between coal and pyrolyzed residue was Tater directly observed by
capturing on film the behavior of rapidly heated single particles of catalyzed
IMinois No. 6 coal in a fast photography cell (FILM SEGMENT #1: Illinois +
12.2 wt % KOH, 0.1 MPa helium, filament heat-up rate = 1000°K/sec). Melting,
bubbling, swelling, and thermosetting were clearly evident.

The possibility that a coal could exhibit no swelling at low heat-up rate but
exhibit distinct swelling at a higher heat-up rate is implied by the work of Van
KrevelenZ2, Therefore, the contrasting FSI and FFSI results obtained here come as
no surprise because of the large difference in heat-up rates (FSI = 5°K/sec, FFSI
>1000°K/sec). Since the conditions of the Free Fall Swelling Test more nearly
resemble CCG conditions, and because swelling behavior in the test is at least
qualitatively more in line with behavior in a fluid bed gasifier, the Free Fall
Swelling Test seemed to be the better choice to study thermoplasticity at CCG
conditions.

Effect of Pressure

Thermoplastic behavior of potassium-catalyzed I11inois No. 6 coal was first ob-
served in CCG work during large scale char preparation in a 0.78 MPa/3 kg-ks‘1
Fluid Bed Gasifier (FBG). Fluid hed densities which were lower than previously
measured were noted in the FBG3. During start-up of the PDU with thi same coal,
feedline plugging caused by agglomeration was frequently a problem™. Fixed bed
ldboratory tests then identified pressure as one important variable in catalyzed
coal agglomeration5. PDU runs also suggested the importance of pressure, and of
oxidation, to fluid bed densitylP. However, since other variables such as
superficial velocity changed along with pressure, it was difficult to uniquely
determine the effect of pressure on thermoplasticity and gasifier properties.

The varijation of the loose bulk density of pyrolyzed coal from the Free Fall
Swelling Test with pressure (Figure 3) is in agreement with this earlier data which
indicate that higher pressures increase coal thermoplasticity.: The densities of
uncatalyzed and catalyzed-oxidized I11inois No. 6 coals decrease as the Free Fall
Unit pressure is raised above atmospheric pressure. Char densities at 3.5 MPa fall
into the expected order: catalyzed-oxidized >catalyzed > uncatalyzed. The re-
producibility of the measurement is indicated by good agreement between the two
sets of data on catalyzed-oxidized coal (Figure 3,0and 4). The effect of pressure
on thermoplasticity, as manifested by swelling, was later directly observed by fast
photography of single particles of potassium catalyzed I11inois No. 6 coal (FILM
SEGMENT #2: I1linois + 12.2 wt % KOH at 3.5 MPa). These films show more swelling
at 3.5 MPa than at 0.1 MPa.

This trend is attributed to the effect of pressure on the volatile components
during the extremely rapid pyrolysis. It is thought that higher pressure retards
the escape of volatile pyrolyzates from coal particles by shifting the boiling
points of the volatile components to a higher temperature range. Because of the
short time involved with the rapid heating, most of the volatile components will
remain in the particle until they begin to boil (i.e., their vapor pressure equals
the total pressure of the system). With the more volatile and, hence, likely less
viscous and solvent-like components retained to a higher temperature, the coal
attains a lower viscosity during the plastic transition. Because of this lower
viscosity, the evolving gas has a greater swelling effect on the unconstrained,
free falling, plastic coal particle. At a pressure of approximately 1.5 MPa (200
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psig), the majority of the components that will affect the viscosity of the
particle appear to have been retained, for further increase of pressure has little
effect on swelling (loose bulk density). Increased pressure is expected to reduce
the total volume of pyrolysis gases released, but because the gas volume is still
many times greater than the volume of the resulting char, increasing pressure from
1.5 to 5.5 MPa (200 to 800 psig, or decreasing the volume of the pyrolysis gases by
a factor of four) should not have a large effect on swelling. If this line of
thinking is extended, it would predict that swelling will begin to decrease at much
higher pressures where the volume of the evolving gases is contracted severely
(1oose bulk density will increase).

Effect of Catalyst, Oxidation and Longer Particle Penetration Time

The effects of catalyst, oxidation, and longer penetration time on thermo-
plasticity, as measured by FFSI, are summarized for several coals of interest to
CCG in Fiqures 4-7. These include I1linois No. 6, Valley Camp, and Hawk's Nest
coals which are bituminous in rank, and Wyodak coal which is sub-bituminous in
rank.

The effect of potassium catalyst is to reduce thermoplasticity whether the coal is
purposely oxidized prior to catalyst addition or not (Figure 4). The exception is
Wyodak coal which is very close to being non-swelling even without potassium
catalyst. Decreased swelling upon catalyst addition is thought to be due to the
factors of salt formation between the catalyst and the coal, and reduced pyrolysis.

Oxidation after catalyst addition reduces swelling for the more porous Il1linois
No. 6 (13 wt % equilibrium moisture, uncatalyzed) but does little for the much
less porous Hawk's Nest coal (5 wt % equilibrium moisture, uncatalyzed; Figure 5).
This suggests that oxygen has difficulty penetrating less porous particles.

Mild oxidation alone can reduce swelling without catalyst addition, and more exten-
sive oxidation reduces swelling still further. However, the application of po-
tassium catalyst after oxidation results in a large additional reduction of
swelling, presumably because the agueous application allows the catalyst to mi-
grate to new surface acids formed during oxidation. This is demonstrated by lower
FFSI's after additional penetration time is allowed the catalyst. The effect of
poor catalyst dispersion is also discussed in the next section.

The sequence of increasing coal swelling after catalyst application and oxidation
in preparation for PDU operation is, as shown in Figure 7, Wyodak (FFSI=1.0)
<1Minois (FFSI=2.5-2.85)<Valley camp {FFSI=3.1) <Hawk 's Nest (FFSI=3.6-4.5).

Effect of Catalyst Dispersion

Even when mixed with potassium catalyst in an agueous slurry and given an extended
soak at mild conditions, some coals such as Hawk's Nest coal do not take up the
catalyst effectively. The catalyst lays down as a rim on the exterior of particles
which can clearly be seen in Scanning Electron Microscope (SEM) photomicrographs of
particle cross-sections. When heated in the fast photography cell, these particles
exhibit two distinct thermal behaviors. The well-catalyzed outer rim does not melt
on heating, but merely cracks. The poorly catalyzed particle interior does melt
and flows out through the cracks in the unmelted outer rim {FILM SEGMENT #3: Hawk's
Nest + 12.2 wt % KOH).
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Effect of Atmosphere

The effect of selected inert and reactive gases on residue loose bulk density was
examined because there are a variety of gases in a CCG atmosphere which may have
different effects on thermoplasticity. Other work has shown that the nature of the
gas atmosphere does affect thermoplasticity at pressure as measured by maximum
fluidity in a p]astometers. In the Free Fall Swelling Test, it was found that Hp,
He, C02, Ar, and Ny gave residues with densities which spanned a range of only 0.02
g/cc (Figure 8). The cause of this small difference is thought to be the speed with
which pyrolysis takes place in the Free Fall Swelling Test. Under conditions of
rapid pyrolysis, it may be possible for particles to become blanketed in an
atmosphere of their own pyrolyzates which isolates the particles from the bulk
atmosphere. If some additional conversion does occur in reactive gases (Hz, CO2),
then densification must occur at the same time in order for the coke densities to
be so similar.

Sunmary

We have found the Free Fall Swelling Test to be helpful in the guidance of pilot
plant work and in determining the effect of several CCG variables on thermo-
plasticity. Under the test conditions of high pressure and high heat-up rate, the
coal thermoplastic property is more pronounced than at conditions of low heat-up
rate and low pressure under which more conventional tests for thermoplasticity are
run, Thus, the test is a more sensitive probe of the thermoplastic tendency,
especially for coals having a limited thermoplastic tendency.
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TABLE 1

CHARACTERISTICS OF POY FEED COALS (UNCATALYZED)

Coal Rank

Equilibrium Moisture (Wt X)

Free Swelling Index
Ultimate Analysis (Wt % Ory Coal)

Carbon
Hydrogen
Oxygen (Difference)
Nitrogen
Sulfur, Total
Pyritic
Sulfate
Organic
Chlorine

As!

>

Elements (S03-Free, % Ash, Ory)
$10

Alal3

P; 85

Tio

fe 83

Ca

Mg0

K70
Naz0

I11inois No. 6

(Monterey No. 1) Hawk 's Nest Valley Camp Walden Wyodak
Bituminous Bituminous Bituminous Bituminous Sub-bituminous
13.4 5.1 7.4 9.5 28.7

) 3 2 0.5 0
69.4 75.6 73.3 69.6 67.0
4.8 5.4 5.6 4.8 5.2
8.9 10.2 11.7 12.6 15.3
1.4 1.7 1.4 1.3 1.0
a.6 0.5 0.7 0.6 1.0
0.8 0.1 0.2 0.3 0.2
0.1 0.0 0.0 0.0 0.2
3.8 0.4 0.5 0.3 0.7
0.2 0.1 0.0 0.0 0.0
51.0 51.1 60.0 54.5 40.6
18.4 23.9 1.3 29.0 22.7
0.4- 0.9 0.3 1.0 1.2
1.1 1.1 1.0 0.7 1.7
19.8 10.7 7.4 5.0 6.0
4.9 7.8 16.2 8.0 21.2
1.0 2.0 2.4 0.8 5.2
2.1 1.4 1.2 0.3 0.5
1.4 1.1 0.3 0.8 0.9

Table 2

ASTM Free Swelling Index (FSI) and Free Fall Swelling Index (FFS1)
of Selected CCG Coals

Coal

A Wyodak + X
B Iinofs No. 6 +

K (oxid.} 0.0 (no swelling)

ASTM FSI Fes1(a)
0.0 (no swelling) 1.0
2.6
5.6

¢ IMinofs No. 6 + K (unox.} 0.5 (no swelling)

(a) FFS1 conditions were 978°K and 3.5 WPa.

187

Free Fal) Residue
Density, g/cc
0.37
0.15
0.09



FIGURE 1
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SOME CATALYZEO BITUMINOUS COALS EXHIBIT UNDESIRABLE THERMOPLASTIC BEHAVIOR
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FIGURE 3

INCREASED PRESSURE DECREASES ILLINOIS CHAR DENSITY
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WHILE OXIDATION ALONE HAS AN EFFECT, CATALYST APPLICATION AND INCREASED
PARTICLE PENETRATION TIME RESULT iIN AN ADDITIONAL REDUCTION OF SWELLING
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FIGURE 7
THERMOPLASTIC SWELLING OF CCG COALS VARIES
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